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PACS numbers:
Though the presence of dark matter in the universe has been well-established, little is known of its particle nature or its non-gravitational interactions. A vibrant experimental program is searching for a weakly interacting massive particle (WIMP), denoted as χ, and interactions with standard model particles via some as-yet-unknown mediator.
One critical component of this program is the search for pair-production of WIMPs at particle colliders, specifically pp → χχ at the LHC via some unknown intermediate state. If the mediator is too heavy to be resolved, the interaction can be modeled as an effective field theory with a four-point interaction, otherwise an explicit model is needed for the heavy mediator. As the final state WIMPs are invisible to the detectors, the events can only be seen if there is associated initial-state radiation of a standard model particle [1] [2] [3] , see Fig 1,  recoiling against the dark matter pair.
The LHC collaborations have reported limits on the cross section of pp → χχ + X where X is a hadronic jet [4, 5] , photon [6, 7] , and other searches have been repurposed to study the cases where X is a W [8] or Z boson [9, 10] . In each case, limits are reported in terms of the mass scale M of the unknown interaction expressed in an effective field theory [1] [2] [3] [11] [12] [13] [14] [15] [16] [17] [18] [19] , though the limits from the mono-jet mode are the most powerful [20] .
In this paper, we study the sensitivity of possible future proton-proton colliders in various configurations (see Table I ) to WIMP pair production using the mono-jet final state. We consider both effective operators and one example of a real, heavy Z -boson mediator.
ANALYSIS TECHNIQUE
The analysis of jet+ E T events uses a sample of events with one or two high p T jets and large E T , with angular cuts to suppress events with two back-to-back jets (multi-jet background). The dominant remaining background is Z → νν in association with jets, which is indistinguishable from the signal process of χχ+jets.
The estimation of the background at large E T Is problematic in simulated samples, due to the difficulties of accurately modeling the many sources of E T . The experimental results, therefore, rely on data-driven background estimates, typically extrapolating the Z → νν contribution from Z → µµ events with large Z boson p T .
In this study, we begin from experimentally reported values [4, 5] 2 energies, where no data is currently available. At the higher collision energies and instantaneous luminosities of the proposed facilities, the rate of multi-jet production will also be higher, requiring higher E T thresholds to cope with the background levels and the trigger rates.
Simulated Samples
We generate signal events as well as events for the dominant background Z → νν+jets in madgraph5 [26] , with showering and hadronization by pythia [27] . In each case, we generate events with zero or one hard additional colored parton and use the MLM scheme to match the matrix-element calculations of madgraph5 to the parton shower evolution of pythia.
Extrapolation
In the case of each potential facility, we must choose a E T threshold for the analysis. For a given threshold at a specific facility, estimating the sensitivity of the jet+ E T analysis requires
• the dark-matter signal efficiency
• an estimate of the Z → νν+jets background
• the uncertainty of the Z → νν+jets background.
For the signal efficiency, we modify the reported experimental efficiency at √ s = 7 TeV [4, 5] to estimate the efficiency at a higher E T cut. The estimated signal yield N sig ( √ s, L, E T > X) for a facility with center-of-mass energy √ s and integrated luminosity L is
where 0 is the published signal efficiency. In each case, the efficiency ET>X of a E T threshold is measured at parton-level using the simulated samples, see Fig. 2 , and the cross sections σ( √ s) are leading order. In the case of the background estimate, we extrapolate from the reported background estimate, denoted N √ s=7,L=5, ET>350 bg , by scaling with an extrapolation factor E b :
accounting for the relative efficiency of a higher E T cut and larger background cross sections at increased center-ofmass energies. The relative uncertainty on the background N √ s=7,L=5, ET>350 bg is scaled from the reported relative uncertainty, (
,L=5, ET>350 , using the extrapolation factor E b as given above:
Together, the background estimate with uncertainties and the dark-matter signal efficiencies allow us to calculate the power of the jet+ E T analysis. 
RESULTS FOR EFFECTIVE FIELD THEORIES
Given the expected background and uncertainties, we use the CLs method [21, 22] to calculate expected 90% confidence limits on contributions from new sources. Together with the estimated signal efficiencies, we calculate cross-section limits. As the predicted cross sections depend on M * , we can therefore derive limits on M * , see the top panel of Figs In addition, we study the luminosity dependence of the results at √ s = 100 TeV, see Figs 6, 7, and 8. In Fig 9, we map to WIMP pair annihilation cross-section limits. Our predictions are compared to Fermi-LAT limits from a stacking analysis of Dwarf galaxies [29] , including a factor of two to convert the Fermi-LAT limit from Majorana to Dirac fermions, and to projected sensitivities of CTA [28] .
RESULTS FOR ON-SHELL MEDIATORS
The EFT approach is useful when the current facility does not have the necessary center-of-mass energy to produce on-shell mediators. The next-generation facility, however, may have such power.
In this section, we study the sensitivity of the proposed facilities to a model in which the heavy mediator is a Z which couples to χχ as well as[23] [24] [25] . We generate events as before, and measure the efficiency at parton level using simulated events.
The coupling of the Z is a free parameter in this theory, but particularly interesting values are those which correspond to the limit of previous facilities on M * . That is, an EFT model of the Z interaction has fixing the relationship between g Z and M Z . Figure 10 shows the expected limits on the Z model at a facility with √ s = 14 TeV and L = 300 fb −1 , in terms of the cross section σ(pp → Z → χχj for E T > 550 GeV and in terms of g Z . The g expected limits can be compared to the curve with g Z = M Z M * ; the cross-section limits can be compared to the predicted cross section assuming g Z = M Z M * . Similar results for other facilities are shown in Figures 11, 12 , and 13.
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